BACKGROUND AND PURPOSE: Diffusion tensor imaging (DTI) is a sensitive technique for studying cerebral white matter. We used DTI to characterize microstructural white matter changes and their associations with cognitive dysfunction in Alzheimer disease (AD) and mild cognitive impairment (MCI).
S
tructural MR imaging studies on Alzheimer disease (AD) and mild cognitive impairment (MCI) have largely focused on the brain's cortical gray matter. [1] [2] [3] Although neuroimaging and pathoanatomic studies have confirmed both macroscopic and microscopic white matter changes in patients with AD and MCI, controversy exists regarding the clinical relevance of these changes and the mechanisms underlying them. [4] [5] [6] [7] By taking advantage of the anisotropic nature of water diffusion in biologic tissues, the diffusion tensor imaging (DTI) technique provides increased sensitivity for detecting ultrastructural abnormalities of white matter in vivo. 8 This is true even in regions that appear normal on traditional MR imaging sequences (so called normal-appearing white matter [NAWM] ). 9 After generation of the diffusion tensor matrix from a series of diffusion-weighted images, 3 eigenvalues ( 1 , 2 , and 3 ) are calculated by matrix diagonalization. These are scalar indices, which describe water diffusion in a local (ie, voxel-specific) frame of reference and largely coincide with the geometry of local white matter tracts. 10 A few investigations using DTI have reported anisotropic diffusion changes in different white matter regions in AD and MCI as measured by fractional anisotropy (FA) and mean diffusivity (MD). 3, [11] [12] [13] [14] [15] [16] [17] Unfortunately, FA and MD permit only a simplified description of water diffusion, and neither is particularly well suited for elucidating the pathologies underlying observed changes in water diffusion. 18 Results from recent human studies and from experimental studies in animal models now permit a more analytic approach to interpreting white matter pathologies from DTI data. [18] [19] [20] Accordingly, the eigenvalues ( 1 , 2 , and 3 ) derived by diffusion tensor matrix diagonalization are separated into components parallel ( 1 ) and perpendicular ( 2 and 3 ) to local axon tracts. "Axial diffusivity" (DA ϭ 1 ) is defined as the magnitude of water diffusion parallel to the axon tracts within the voxel of interest. "Radial diffusivity" (DR ϭ [ 2 ϩ 3 ]/2) describes the mean magnitude of water diffusion perpendicular to the axon tracts. 18 Experimental studies show that axonal loss, as occurs in wallerian degeneration, produces a decrease in DA, with or without an increase in DR. 18, 19 In contrast, demyelination produces an increase in DR without a change in DA. 18, 20 Chronic ischemia produces increases in both DR and DA. 18 These different patterns of directional diffusivity change can be used to infer underlying pathologic mechanisms affecting various brain regions in a variety of neurologic processes.
In the present study, we hypothesized that neurodegeneration produces microstructural changes in the cerebral white matter of subjects with AD and MCI. We further hypothesized that DTI could detect these changes and that the changes would correlate with measures of cognitive dysfunction. By quantifying anisotropic diffusion and examining patterns of change in directional diffusivities (DA and DR), we sought to clarify pathologic mechanisms contributing to any observed changes.
Materials and Methods

Subjects
Elderly subjects with mild AD (n ϭ 6), MCI (n ϭ 11), or normal cognition (n ϭ 8) were recruited from the research registry of the Alzheimer's Disease Research Center at Case Western Reserve University. Subjects were evaluated by using a standardized clinical evaluation protocol, which included the Consortium to Establish a Registry for Alzheimer Disease (CERAD) neuropsychological battery 21 and the Trail-Making Test, Parts A and B (TMT-A and TMT-B). 22 All MCI subjects met the criteria for amnestic MCI of Peterson et al, 23, 24 5 of the single-domain type and 6 of the multiple-domain type. All AD subjects met the National Institute of Neurologic and Communicative Disorders and Stroke-Alzheimer Disease and Related Disorders Association (NINCDS-ADRDA) criteria for probable AD. 25 Study procedures were approved by the local institutional review board, and informed consent was obtained from all subjects.
MR Imaging Acquisition Protocol
Conventional axial T1-weighted, T2-weighted, fluid-attenuated inversion recovery (FLAIR), and DTI sequences were acquired along the anterior/posterior commissure line with a 1.5T Magnetom Symphony MR imaging system (Siemens, Erlangen, Germany most inferior section in which the frontal horns of the lateral ventricle in both hemispheres were visible. Temporal lobe white matter was sampled on 5 contiguous sections, starting from the most inferior section in which the body of hippocampus was visible, and the ROIs were placed in white matter posterolaterally to the temporal horns of the lateral ventricle. Parietal lobe ROIs were positioned in the white matter posterior to the central sulcus on the most superior section in which the centrum semiovale was clearly visible and on the next 4 inferior sections. The occipital lobe ROIs were placed on 3 contiguous sections, starting from the most inferior section on which the occipital horn of the lateral ventricle was visible. ROIs were then superimposed on identical sections from the maps of FA and the 3 eigenvalues. FA, DA ( 1 ), and DR ([ 2 ϩ 3 ]/2) for each ROI were calculated. For each subject, the measures of FA, DA, and DR were averaged across all the sections of each white matter region bilaterally.
Assessment of Reliability of Measures
All the ROI placements were performed by a single rater (J.H.). Reliability of ROI placement, expressed as intraclass correlation coefficients in different white matter regions, varied from 0.88 to 0.99 for this rater.
Statistic Analyses
Data were analyzed by using the Statistical Package for Social Sciences (SPSS for Windows, Version 14.0, SPSS, Chicago, Ill). Groups were compared by using nonparametric methods, the Kruskal-Wallis test with the post hoc Mann-Whitney U test, as appropriate for the small sample sizes. Correlations were evaluated by Spearman rank correlation. Because we elected to study 4 brain regions and also designated 3 representative cognitive tests of regional brain function (specified in the "Results" section), we applied the Bonferroni correction to adjust for the effects of multiple analyses (corrected P value ϭ .0071).
Results
There were no significant differences in age, sex, or educational level between the 3 groups. Compared with controls, AD subjects scored significantly poorer on most neuropsychological tests, whereas MCI subjects demonstrated lesser degrees of cognitive impairment (Table 1) .
FA
FA data from NAWM regions of AD, MCI, and control subjects are shown in Table 2 . Significant main effects of group were revealed in white matter regional FAs in frontal ( 2 ϭ 10.3, degrees of freedom ϭ 2, P ϭ .006), temporal ( 2 ϭ 17.5, df ϭ 2, P Ͻ .001), and parietal ( 2 ϭ 16.5, df ϭ 2, P Ͻ .001) lobes. Post hoc tests indicated that compared with controls, both AD and MCI subjects demonstrated decreased FA in temporal and parietal NAWM (all, P ϭ .001), and temporal FA in AD subjects was also decreased relative to that of MCI subjects (P ϭ .003). In frontal NAWM, AD subjects showed decreased FA compared with that of normal control subjects (P ϭ .003). FA values in occipital NAWM showed no difference among the 3 subject groups.
Directional Diffusivities
Data on regional DA and DR are also shown in Table 2 . In all analyses, the main effect of group was significant in frontal DR ( 2 ϭ 10.1, df ϭ 2, P ϭ .007), temporal DA ( 2 ϭ 11.3, df ϭ 2, P ϭ .003) and DR ( 2 ϭ 10.4, df ϭ 2, P ϭ .006), and parietal DR ( 2 ϭ 16.8, df ϭ 2, P Ͻ .001). Post hoc analyses demonstrated that compared with normal controls, MCI subjects demonstrated decreased DA (P ϭ .004), whereas AD subjects demonstrated decreased DA (P ϭ .001) and increased DR (P ϭ .001) in temporal NAWM. In parietal NAWM, both AD and MCI showed increased DR compared with controls (AD versus controls; P ϭ .001; MCI versus controls, P Ͻ .001). In frontal NAWM, AD subjects showed more significantly increased DR than both the controls (P ϭ .005) and the MCI (P ϭ .007) subjects. Directional diffusivities in occipital NAWM showed no difference among the 3 subject groups.
Correlation with Cognitive Function
We tested for correlations between regional diffusion measurements found to be different from controls and representative cognitive tests of regional brain function. These regional diffusion measurements were FA, DR, and DA in the temporal lobe; FA and DR in the frontal lobe; and FA and DR in the parietal lobe. Our a priori cognitive test selection for temporal lobe function was Word List Delayed Recall (WLDR), for frontal lobe function was TMT-B, and for parietal lobe func- tion was Constructional Praxis (CP) from the CERAD neuropsychological battery. 21, 22 Correlations were calculated by using data from all 25 subjects. Results of these analyses (Fig 2) showed that in temporal NAWM, lower FA (r ϭ 0.78, P Ͻ .001) and higher DR (r ϭ Ϫ0.79, P Ͻ .001) significantly correlated with poorer WLDR performance, whereas DA did not. In frontal NAWM, lower FA (r ϭ Ϫ0.71, P Ͻ .001) and higher DR (r ϭ 0.79, P Ͻ .001) significantly correlated with poorer TMT-B scores. In parietal NAWM, higher DR significantly correlated with poorer CP results (r ϭ Ϫ0.54, P ϭ .007), and FA showed a trend toward significant correlation with a P value of .02.
Discussion
AD is classically understood as a cortical dementia, showing prominent pathologic changes in cortical gray matter. 27, 28 Early microscopic studies have described the intracellular and extracellular features of AD in limbic and neocortical brain regions, [29] [30] [31] [32] and more recent MR imaging studies have demonstrated volumetric changes in corresponding gray matter regions of AD brains. 1, [33] [34] [35] [36] However, relatively little attention has been directed toward abnormalities in cerebral white matter in AD.
It is reasonable to predict that abnormalities in AD would also be detectable in white matter regions. Degeneration of perikarya in the cerebral cortex could secondarily produce axonal loss in the subjacent white matter, because intercortical and extracortical projection fibers are lost through the degenerative process. 37 Cerebrovascular disease is often present in elderly patients with AD, and ischemic mechanisms could also contribute to produce abnormalities in cerebral white matter. 38 Other processes that could be hypothesized to produce white matter changes in AD include primary and secondary demyelination and reactive gliosis. 39, 40 FA is an imaging marker commonly used to study microstructural white matter abnormalities in various pathologic states. 3, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Results of decreased FA in the present study suggest microstructural degradation of cerebral white matter in AD and MCI. The observed differences in FA follow a clear regional gradient, with the greatest changes seen in the temporal lobe, followed by the parietal lobe, then the frontal lobe, and no changes compared with controls in the occipital lobe.
These results are consistent with most prior studies measuring FA in AD and MCI. Collectively, these studies suggest that the distribution of white matter abnormalities in AD and MCI is inhomogeneous, showing concentrations in regions connected with association cortices (posterior cingulum fibers, corpus callosum, and temporal, frontal, and parietal lobe white matter) and largely sparing regions serving motor (internal capsule) or visual (optic radiation) functions. 3, [11] [12] [13] [14] [15] [16] [17] Because FA is a relatively simple descriptor of water diffusivity, it provides limited information useful for determining specific brain pathologies underlying changes in water diffusion. We, therefore, further studied changes in directional diffusivities (DA and DR) in the NAWM of AD and MCI subjects. This approach revealed reductions in DA and increases in DR in the white matter of subjects with MCI and AD. This pattern of change in directional diffusivities (2DA, 1DR) is highly suggestive of axonal loss as occurs with wallerian degeneration. 18, 19 We observed this axonal loss pattern in the temporal white matter of subjects with MCI and AD. This finding is consistent with the known propensity for early degeneration of temporal lobe structures such as the hippocampal formation, parahippocampal gyrus, and entorhinal cortex in AD. 1, 3, [30] [31] [33] [34] Furthermore, because DA is more strongly related to axonal pathology and DR is more strongly related to demyelination, 18, 19 the changes in temporal white matter directional diffusivities of MCI (2DA) may reflect early axonal damage, and the directional diffusivity changes in temporal white matter of AD (2DA, 1DR) may reflect complete loss of myelinated axons as would be seen in wallerian degeneration. Lesser changes in directional diffusivities were also observed in the frontal and parietal white matter of MCI and AD subjects but were not observed in the occipital white matter. This apparent regional gradient in white matter changes closely parallels the known distribution of regional neuropathology in AD. 27 Our results are also consistent with an earlier DTI study in a transgenic mouse model of ␤-amyloid deposition. 41 Using the APPsw transgenic mouse (Tg2576), Sun et al 41 demonstrated significant decreased DA with largely unaltered DR in the white matter of a group of transgenic mice, compared with a group of age-matched wild-type mice.
The changes in FA and directional diffusivities observed in our subjects with MCI and AD appear to have functional rel- evance. First, these changes were identified in brain regions serving higher cortical functions (temporal, parietal, and frontal lobes) but not in regions serving primary functions (occipital lobe). Furthermore, when we examined the relationships of significant changes in diffusion measurements to subjects' performance on cognitive tests, important correlations surfaced. Key findings are the correlation between diffusion measurements in the temporal lobes and episodic memory function, the correlation between frontal lobe diffusion measurements and executive function, and the correlation between parietal lobe diffusion measurements and visuospatial ability. These results agree with our current understanding of relationships between brain regions and domains of cognitive function and reveal a pattern of poorer cognitive test performance in association with loss of anisotropic diffusion. [42] [43] [44] [45] Our study has several limitations. The small sample size limits the power of this pilot investigation. This limitation probably contributed to the observed variability in results across different white matter regions. Although our findings within the temporal white matter support a hypothesis of axonal degeneration, we did not observe uniformly consistent findings in the parietal or frontal white matter. Another possible explanation for different findings in various brain regions could be the opposing effects of secondary pathologies. For example, chronic cerebral ischemia is known to produce increases in both DA and DR. 18 Although increases in DR from degenerative and vascular mechanisms would combine in an additive fashion, decreased DA from axonal degeneration would be opposed by increased DA from concomitant vascular pathology. Because vascular pathology commonly affects the frontal and parietal white matter to a greater extent than it affects temporal or occipital white matter, 46, 47 concomitant cerebrovascular disease could preferentially obscure the effects of neurodegeneration on DA in the frontal and parietal lobes. Finally, geometric imaging distortions due to eddy currents may impact the accuracy of our ROI positioning. Newer MR imaging techniques, using double-refocusing radio-frequency pulses with bipolar gradients to reduce eddy current effects, might reduce this concern in future studies. 17 Furthermore, although we applied 12 diffusion gradient directions to acquire DTI images (rather than the minimum-required 6 directions used in many previous studies), recent advances in DTI techniques suggest that increasing numbers of diffusionencoding gradient directions (optimally 20 or more directions) and using isotropic voxels may improve estimation of the diffusion tensor. 48 One prior study measured directional diffusivities in the white matter of AD subjects. 49 In that study, DR in the periventricular frontal white matter was increased compared that of with normal control subjects, without a corresponding decrease in DA. The authors proposed that the observed changes in directional diffusivities may reflect myelin-related pathologies consistent with a retrogenesis theory of AD. 50 However, because that study did not exclude white matter hyperintensities on T2-weighted or FLAIR images when defining ROIs, their findings could be explained by the opposing effects of neurodegeneration and concomitant vascular pathology on DA in the frontal periventricular region. Further studies with large numbers of MCI and AD subjects, wherein vascular aspects of regional cerebral pathology could be included in the analyses, may help to resolve such complexities.
Conclusions
In this study, we found evidence for functionally relevant microstructural changes in the NAWM of patients with AD and MCI. These changes were present in brain regions serving higher cortical functions (frontal, temporal, and parietal lobes), but not in regions serving primary functions (occipital lobe). These preliminary observations support the view that DTI is a useful in vivo tool for identifying microstructural cerebral pathology in MCI and AD and provide preliminary evidence suggesting axonal degeneration as an underlying mechanism for such changes in the NAWM of the temporal lobe.
